Abstract -Two different models for turbulence modulation have been investigated. One of the models produced higher gas-phase turbulence intensity in gas-particle flow compared to the turbulence intensity in clear gas while the other produced a reduction in turbulence. Neither model adequately reproduced the effects of mass loading and particle size. From the viewpoint of developing predictive models, the physics of turbulence augmentation and attenuation appear to present a significant challenge. Additional models for turbulence modulation are investigated in the full length paper and their performance assessed with respect to solids mass loading and particle diameter.
Introduction
The study of particulate two-phase turbulent flows is not only important from a fundamental viewpoint, but also from the viewpoint of practical applications (e.g. hydrotransport and pneumatic transport of particles in pipes and channels) and natural flow phenomena (e.g. dispersion of particles in the atmosphere and sediment transport in water bodies). The turbulence in these flows determines the extent of mixing and the transfer of momentum and thermal energy in the fluid phase. The presence of particles can alter the level and structure of the turbulence field. Reviews of experimental work on the modulation of turbulence in fluid-particle flows can be found in [1 -3] . Most experimental and numerical studies have shown that large particles (i.e. large particle Reynolds number) cause additional production of turbulence kinetic energy, whereas small particles (i.e. small particle Reynolds number) increase the dissipation of turbulence kinetic energy. However, in recent years new experiments and numerical simulations using DNS indicate that the augmentation or attenuation of turbulence is not determined by particle size alone, which then contradicts the above hypothesis. Several models exist in the literature for turbulence modulation (e.g. [3 -7] ), some of which have been investigated using numerical methods. In the context of a two-fluid model, Bolio and Sinclair [8] investigated turbulence modulation for large particles using the mechanistic model proposed by Yuan and Michaelides [5] ; the model essentially depends on the mean slip velocity. Later, Sinclair and
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Mallo [9] used a different model that includes the gas-phase turbulence kinetic energy and the so-called granular temperature. The objective of the present work is to compare these two models for turbulence modulation in the context of gas-particle flows for a range of mass loading and particle size. Comparisons are made to the experimental results of Tsuji et al. [10] . Other models have been investigated and these will be presented in the full paper.
Turbulence Modulation Models
In particulate two-phase turbulent flows, the presence of the particles is accounted for in the fluid phase turbulence kinetic energy and dissipation rate equations. The influence of the particles on the fluid phase turbulence is often referred to as the turbulence interphase or interaction term denoted here as Π fs . This turbulence interaction term, which essentially accounts for the enhancement or attenuation of turbulence in two-phase flows, is often given by
where c f and c s are the fluid (f) and particle (s) phase volume fractions, respectively, ρ s is the particle density, and u ′ ph (ph ≡ f, s) is the phasic fluctuating velocity, u ′ f u ′ f = 2k f . The particle response time τ p is given by
where d p is the particle diameter, U is the velocity in the flow direction, and the drag coefficient C D is a function of the particle Reynolds number. For this summary, the turbulence modulation models of Bolio and Sinclair [8] , and Sinclair and Mallo [9] are investigated (see Table 1 ). 
For the model of Bolio and Sinclair [8] , the wake volume W v is given by
where the wake length, W 1 , and angle Θ are functions of the particle Reynolds number; τ i is the eddy-particle interaction time. For the model of Sinclair and Mallo [9] , T is the granular temperature.
Summary of Results
The model predictions for the gas phase turbulence intensity u ′2 f 1/2 , using the models of Bolio and Sinclair [8] , and Sinclair and Mallo [9] , normalized by the centreline velocity of the air U fcl in air-particle flows for two mass loadings and two particle diameters are summarized in this section. Based on the experimental study of Tsuji et al. [10] , numerical results were obtained It should be noted that in the present work, the calculated turbulence intensity is determined using the isotropic relation u ′2 f 1/2 = (2k f /3) on which the k −ε model is based. This relation leads to a discrepancy between the measured and predicted axial turbulence intensity due to the anisotropy in the measured data (see for example [8] ). Therefore, the performance of the models in reproducing the relative attenuation or augmentation of turbulence for the various flow conditions investigated rather than the absolute level will be discussed. Figure 1a shows the measured turbulence intensities [10] of air for clean gas flow and for the two-phase flow with the 500 µm particles at mass loadings of m = 0.7 and m = 1.3. In Figure  1a , the gas-phase turbulence intensity is noticeably reduced below the clear gas value for the higher mass loading of m = 1.3 except at the centre of the pipe. Figure 1b shows that the turbulence intensities of the air in the presence of the 500 µm particles calculated by the model of Bolio and Sinclair [8] are much higher than those for the single-phase gas flow, and much lower for the model of Sinclair and Mallo [9] . In general, the model of Bolio and Sinclair [8] increased the level of the gas-phase turbulence turbulence intensity at the higher mass loading, while the model of Sinclair and Mallo [9] had the opposite effect.
The effect of particle size at m = 1.3 can be assessed by comparing Figure 2a and Figure 2b in a qualitative sense. In Figure 2a , the turbulence intensity of air in the presence of the 200 µm particles is attenuated across the entire pipe cross-section. The 500 µm particles show no attenuation at the centreline and less attenuation than the 200 µm particles over the remainder of the pipe. In Figure 2b , the model of Bolio and Sinclair [8] produced turbulence enhancement compared to the single-phase prediction; the opposite effect was produced by the model of Sinclair and Mallo [9] . The model of Bolio and Sinclair [8] produced a higher turbulence augmentation for the 500 µm particles than for the 200 µm particles. For the model of Sinclair and Mallo [9] , the turbulence attenuation was greater for the 200 µm particles except near the centre of the pipe. [8] 200 µm, 500 µm Sinclair and Mallo [9] 200 µm, 500 µm 
Concluding Remarks
The summary results presented here illustrate the importance of turbulence modulation. The two models considered in this work exhibit dramatically different effects on the gas-phase turbulence intensity. The full paper investigates some additional models for turbulence modulation. Although the present study focuses on gas-particle flows, our ultimate goal is to apply the models to liquid-solid flows.
